Abstract Genome sequences of human rhinoviruses (HRV) have primarily been from stocks collected in the 1960s, with genomes and phylogeny of modern HRVs remaining undefined. Here, two modern isolates (hrv-A101 and hrv-A101-v1) collected *8 years apart were sequenced in their entirety. Incorporation into our fullgenome HRV alignment with subsequent phylogenetic network inference indicated that these represent a unique HRV-A, localized within a distinct divergent clade. They appear to have resulted from recombination of the hrv-65 and hrv-78 lineages. These results support our contention that there are unrecognized distinct HRV-A strains, and that recombination is evident in currently circulating strains.
The members of this viral family share a common genome structure that consists of a 5 0 untranslated region (5 0 UTR), one long open reading frame, and a 3 0 untranslated region (3 0 UTR). After translation, HRV-derived proteases cleave the product into 11 proteins, including four that form the capsid and the remaining seven that are involved in translation, replication, and virus-host interactions [17] . HRV infection is frequently the etiologic agent of upper respiratory tract infections, and besides the morbidity associated with the ''common cold'', HRV infection can lead to sinusitis, otitis media, and exacerbations of asthma, chronic obstructive lung disease, and cystic fibrosis [2, 3, 6, 12, 15] . What is not apparent from epidemiologic studies to date are the genomic features that are responsible for these more complex phenotypes (such as asthma exacerbations) amongst the [100 known HRV strains. Tapparel et al., Kistler et al. , and our group recently undertook full genome sequencing and analysis of recognized HRV-A and -B strains [8, 11, 16] , the majority of which were from the American Type Culture Collection, a repository for the canonical reference set. (HRV-C is a recently recognized species whose members have yet to be propagated in cells, with seven full genome sequences submitted to GenBank between November 2007 and August 2009.) By construction of a structure-based alignment of this reference set and the HRV-C strains, we established a framework for subsequent analysis of newly identified strains [8, 11, 16] . Virtually all of these HRV-A and -B isolates were from samples collected primarily in the 1960s, with the few more recent field samples being found to fit into the phylogeny as minor variants of a known reference strain [11] . Certain features of the phylogeny, our identification of previously unrecognized recombination events amongst HRVs, and the likely high error rate of the HRV polymerase have all suggested that other distinct strains of HRV-A and -B are likely to be in current circulation within the population. Indeed, several recent studies of clinical samples report partial sequence that suggests previously unrecognized HRV strains [1, 7, 9, 14] . In this study, we have identified one such novel strain from two recently obtained respiratory samples and herein report the complete genome sequences and subsequent analyses.
The HRV samples were both collected using nasal lavage from two individuals with upper respiratory tract infections. The samples, denoted hrv-A101 and hrv-A101-v1, were collected at two different points in time and geographic locations: one in 2000 in Madison, Wisconsin, and the other in 2008 in Baltimore, MD. Sample hrv-A101 was selected because it was identified as a potential new HRV-A strain by its 5 0 UTR sequence, as described previously [9] . The samples were stored at -80°C until RNA preparation and extraction. The full HRV genome sequence was obtained using the modified sequence-independent single-primer amplification method, as we have recently described in detail [11] . Briefly, after RNAse and DNAse treatments to reduce exogenous contaminants, viral RNA was extracted and cDNA synthesized using random hexamers. The cDNA was PCR amplified, purified, and then cloned and used to transform bacteria using the Topo TA Cloning kit (Invitrogen). Several hundred individual clones were picked, expanded, and sequenced using an Applied Biosystems ABI 3700 instrument. HRV genomes were assembled from these clones with the Cap3 program (http://pbil.univ-lyon1.fr/ cap3.php), and regions of low coverage or missing sequence were addressed by specific PCRs and sequencing. The average coverage for both genomes was [33-fold.
Using the statistical profiles generated from our reference set alignment, hrv-A101 and hrv-A101-v1 sequences were aligned using the program HMMER 2.3.2 (http://hmmer. janelia.org/) [11] . To generate the phylogenetic network, the programs PAUP (http://paup.csit.fsu.edu/paupfaq/faq.html) and Modeltest were used to select the best model of nucleotide substitution based on fitting 56 different models to the data and comparing the fits via likelihood ratio tests and the Akaike information criterion [13] . Using the best-fit model (GTR ? c ? I), a network was inferred with NeighborNet-calculated splits and constructed with EqualAngle in the SplitsTree4 v4.10 program [4, 5] . The sequences were analyzed for recombination with all known full-length HRV sequences using the suite of programs within the Recombination Detection Program 3 (RDP3) [10] . The default settings were used except for changing the sequence type to 'Linear', setting the P value = 0.001, requiring that more than two programs predict the event, and using five programs (RDP, GENECONV, MaxChi, 3Seq, and Chimaera) to initially detect recombination events before refinement of the results with Bootscan and SiScan. The program MEGA (http://www.megasoftware.net/) was used to calculate pairwise p-distances (used to calculate percentage identity).
Neighbor-Net analysis of the full-length genome nucleotide alignment resulted in the phylogenetic network shown in Fig. 1 . Because the reference data set showed evidence of recombination among HRV strains [11] , a phylogenetic network rather than a bifurcating tree was generated to infer the evolutionary relationships. Unlike a single bifurcating tree, a network can illustrate conflicting phylogenetic signals that are associated with more complex models of evolution, such as recombination [4, 5] . There are 109 taxa represented in this network: 76 HRV-A, 25 HRV-B, 5 HRV-C, and 3 HEV-C strains. The reference strains correspond to those found by Palmenberg et al. [11] . Statistical support for the inferences is shown in Fig. 1 as percentages of 1,000 bootstrap replicates. hrv-A101 and hrv-A101-v1 localized within the species HRV-A; they form a monophyletic cluster within a distinct clade containing hrv-71, -51, and -65, among others (indicated in Fig. 1 as 'clade 1') . The bootstrap support values on the outermost branches, ranging from 93 to 100%, indicate the high reliability of the relationships. The separate branching of the hrv-A101 lineage and the supporting bootstrap values are consistent with these isolates representing a novel and distinct HRV. Furthermore, the nucleotide identity between hrv-A101 and its closest strain was 76.6%, a value that is lower than virtually all other HRV-A isolates analyzed in the same manner (Fig. 2a) . We note that based on its position in the network, hrv-A101 most likely binds to cells via the ICAM-1 receptor [11] . Taken together, these data indicate that hrv-A101 represents a distinct lineage localized within the species HRV-A.
Recombination analysis detected that hrv-A101 was formed by a recombination event between two HRV-A strains in the hrv-65 and hrv-78 lineages (Fig. 2b) . The event was detected by all five of the RDP3 programs, with P values \1E-5. The majority of the 5 0 UTR of hrv-A101 was donated by hrv-78, while the coding region and 3 0 UTR of the viral genome were donated by hrv-65. Figure 2b also illustrates that despite the strong evidence for recombination, hrv-A101 shows substantial genomic variation from the apparent parental strains. Thus, the three genome sequences shown here, which provide evidence of a recombination event, represent closely related members of their respective lineages (hrv-65, hrv-78, and hrv-A101). Similar evidence for recombination was found for hrv-A101-v1 (data not shown).
hrv-A101 and hrv-A101-v1 lie very close together in the network, with evolutionary relationships and identities indicative of these being from the same lineage with a small degree of sequence variation. At the nucleotide level, there is a 92.3% identity between the two, and a 97.0% identity when comparing the amino acids. Figure 3 shows the distribution of these variations between hrv-A101 and hrv-A101-v1 by genomic feature. For the open reading frame, the prevalence of variations ranged from *6 to *11%, depending on the region. The 3 0 UTR was without variation, while the 5 0 UTR had an *3% difference between the two. When examining only the nonsynonymous variations, several observations were noted. First, VP4 was the only region without differences in amino acid sequence. Although relatively small, VP4 is similar in total Full-genome sequence of a novel human rhinovirus strain 85 amino acids to 2B, 3A, and 3B, each of which do exhibit nonsynonymous variations. Thus, the lack of variation in VP4 may not necessarily be attributed to its small size. When considering the nonsynonymous variations, the relatively large 2C region also appears to be minimally variant (0.31%). Sequences from additional isolates will be necessary, though, to ascertain whether VP4 and 2C amino acid sequence is maintained in other hrv-A101 clinical samples. Further stratification of the nonsynonymous variations as conservative and nonconservative (no change, or change, respectively, in polarity or charge) revealed that the few variations observed in 2C and 3A were conservative in nature. In contrast, the moderately variable 3Dpol, VP1, VP2, and VP3, were skewed towards a higher percentage of nonconservative variations compared to other regions. Finally, in VP2 we note six instances of in-frame insertion/deletions of multiples of three nucleotides. The net effect, though, was no difference in the total number of amino acids in this region between the two strains.
Using local nucleotide sequence alignment tools (NCBI BLAST), we found partial sequences in GenBank consistent with hrv-A101-like isolates from patient samples (data not shown). Comparisons of portions of the hrv-A101 top, conservative substitution; bottom nonconservative substitution; middle insertion/deletion). The variations are further shown in absolute numbers or as a percentage of the annotated gene segment as indicated Fig. 2 Identity comparisons and evidence for recombination of hrv-A101. In a, a plot of the frequency of the nucleotide identities between each HRV-A strain and its closest sister strain is shown. hrv-A101 (arrow) had its highest identity (76.6%) with reference strain hrv-53. This value is lower than the majority of identities found between all other HRV-A isolates analyzed in a similar manner, supporting the inferred phylogenetic relationship of hrv-A101. In b, the genome-wide pairwise identities between hrv-A101 and hrv-78 and hrv-65 are shown. Recombination between hrv-65 (major parent) and hrv-78 (minor parent) was predicted to occur at nucleotide *506, indicating recombination with the majority of the 5 0 UTR of hrv-65. The prediction was highly statistically significant, as indicated by the P values from the five tests sequence (primarily 5 0 UTR, VP4/2) against all HRV-like ([90% identity) entries of greater than 100 nucleotides yielded 33 sequences. These were isolates collected in China, Germany, Spain, Australia, Belgium, and three states in the United States (Georgia, Connecticut, and Tennessee). The isolates were found in patients with a range of illnesses including upper respiratory infections, asthma exacerbations, and bronchitis [1, 7, 14] .
In summary, we have identified and sequenced the complete genomes of two closely related HRVs from human respiratory samples. Unlike what we have found from full genome sequencing of other isolates [11] , which were variants of recognized HRVs, hrv-A101 represents a distinct and novel strain within the HRV-A species. The more recent isolate, hrv-A101-v1, is a closely related variant with respect to hrv-A101. Both are localized within a small clade of HRV-A, shared by nine other recognized strains. They evolved from a recombination event involving two reference hrv lineages and represent a subset of modern, globally circulating hrv strains. As sequencing capabilities continue to improve in terms of throughput and costs, we urge complete genome sequencing of clinical isolates so that the evolutionary relationships, mutation frequencies, recombination potential, and structure/function predictions for HRVs can be ascertained. With this approach, specific motifs or features of the HRVs determined from genome-wide data can then be correlated with in vitro and clinical phenotypes.
